Neutron Depth Profiling (NDP) allows determination of the spatial distribution of specific isotopes, via neutron capture reactions. In a capture reaction charged particles with fixed kinetic energy are formed, where their energy loss through the material of interest can be used to provide the depth of the original isotope. As lithium-6 has a relatively large probability for such a capture reaction, it can be used by battery scientists to study the lithium concentration in the electrodes even during battery operation. The selective measurement of the 6 Li isotope makes it a direct and sensitive technique, whereas the penetrative character of the neutrons allows practical battery pouch cells to be studied. Using NDP lithium diffusion and reaction rates can be studied operando as a function of depth, opening a large range of opportunities including the study of alloying reactions, metal plating, and (de) intercalation in insertion hosts. In the study of high rate cycling of intercalation materials the relatively low Li density challenges counting statistics while the limited change in electrode density due to the Li-ion insertion and extraction allows straightforward determination of the Li density as a function of electrode depth. If an electrode can be (dis)charged reversibly, data can be acquired and accumulated over multiple cycles to increase the time resolution. For Li metal plating and alloying reactions, the large lithium density allows good time resolution, however the large change of the electrode composition and density makes extracting the Li-density as a function of depth more challenging. Here an effective method is presented, using calibration measurements of the individual components, based on which the ratio of the components as a function of depth can be determined as well as the total Li-density. The same principles can be applied to insertion host materials, where the differences in density due to electrolyte infiltration yield the electrode porosity as a function of depth. This is of particular importance for battery electrodes where porosity has a direct influence on the energy density and charge transport.
Neutron Depth Profiling (NDP) allows determination of the spatial distribution of specific isotopes, via neutron capture reactions. In a capture reaction charged particles with fixed kinetic energy are formed, where their energy loss through the material of interest can be used to provide the depth of the original isotope. As lithium-6 has a relatively large probability for such a capture reaction, it can be used by battery scientists to study the lithium concentration in the electrodes even during battery operation. The selective measurement of the 6 Li isotope makes it a direct and sensitive technique, whereas the penetrative character of the neutrons allows practical battery pouch cells to be studied. Using NDP lithium diffusion and reaction rates can be studied operando as a function of depth, opening a large range of opportunities including the study of alloying reactions, metal plating, and (de) intercalation in insertion hosts. In the study of high rate cycling of intercalation materials the relatively low Li density challenges counting statistics while the limited change in electrode density due to the Li-ion insertion and extraction allows straightforward determination of the Li density as a function of electrode depth. If an electrode can be (dis)charged reversibly, data can be acquired and accumulated over multiple cycles to increase the time resolution. For Li metal plating and alloying reactions, the large lithium density allows good time resolution, however the large change of the electrode composition and density makes extracting the Li-density as a function of depth more challenging. Here an effective method is presented, using calibration measurements of the individual components, based on which the ratio of the components as a function of depth can be determined as well as the total Li-density. The same principles can be applied to insertion host materials, where the differences in density due to electrolyte infiltration yield the electrode porosity as a function of depth. This is of particular importance for battery electrodes where porosity has a direct influence on the energy density and charge transport.
INTRODUCTION
Neutron Depth Profiling (NDP), developed in 1972 (Ziegler et al., 1972) , allows the detection of a small concentration of a certain isotope as function of sample depth, via neutron capture reactions (Downing et al., 1993) . Applications range from boron impurity determination in silicon to boron nitrogen ratios in coatings (Ziegler et al., 1972; Downing et al., 1993; Ünlü et al., 1999) . Whitney et al. (2009) , first suggested using the 6 Li capture reaction for NDP on lithium ion battery systems. The technique offers the unique ability to quantitatively measure lithium concentrations, as function of depth, independent of oxidation state, during battery cycling (Oudenhoven et al., 2011; Wang et al., 2014; Harks et al., 2015; Liu and Co, 2016) . Techniques allowing direct, non-invasive lithium detection operando are limited, as a result NDP was quickly adopted by a number of research groups in to order to study problems such as degradation (Nagpure et al., 2011) and charge transport limitations (Zhang et al., 2015) . In the coming years the technique will become even more effective with the interest in light weight, high capacity anodes (Zuo et al., 2017) , and cathodes, facilitating NDP measurements and the development of dedicated Li-battery setups (Çetiner et al., 2008; Tomandl et al., 2017) . However, interpretation of the results will be more challenging as the electrode properties are dynamic, expanding, and contracting under the influence of lithium content (Mohanty et al., 2013; Liu et al., 2015; Liu and Co, 2016) NDP exploits the neutron capture reaction of the lithium-6 isotope, which is 7.5% abundant in natural lithium. Hence it measures 6 Li atoms only, regardless of their oxidation state, ensuring selectivity and low noise. The capture reaction is initiated by the absorption of a thermal neutron resulting in two charged particles with a well-defined energy: (Ziegler et al., 1972; Whitney et al., 2009 White beam thermal neutron fluxes at the Reactor Institute in Delft are in the order of 10 7 neutrons/ cm 2 /s at the NDP the sample position. The neutron capture cross section of lithium-6 is 940 barns (Kopecky, 1997 ) the absorption rate is one reaction per 10 15 6-lithium atoms per second. This 6 Li consumption rate is negligible making NDP a non-destructive technique. Moreover as a white beam is used, no neutron optics are necessary, making the technique one of the most compact and cheapest amongst available experimental neutron set-ups (Utsuro and Ignatovich, 2010; Wang et al., 2012) . A major advantage of using neutrons is the fact that they have a large penetration depth in materials, allowing relatively simple sample environments (Wang et al., 2012) . A typical set-up is depicted in Figure 1 , adapted from Zhang et al. (2015) . A charged particle detector is placed at a welldefined distance, thereby decreasing the opening angle such that particles arrive almost perpendicular to the detector plane, implying that the 3 H and He particle trajectories make 90 • with the sample plane. The detector measures the kinetic energy of the incoming helium and tritium particles, which has decreased because of interactions with the materials in the battery along their trajectory. The amount of material it encounters depends on the depth of the original Li; hence the energy loss is related to this depth. The energy loss of the 3 H and He particles, which depends on the composition and density of the battery electrode, is quantified by the stopping power. Therefore the stopping relates the measured energy loss to the depth position of Li. Using NDP a cross sectional averaged Li concentration profile is determined as a function of depth, the axis perpendicular to the sample surface (Whitney et al., 2009) .
The stopping power depends on the density of charges, associated with the atoms, it is independent of the chemical nature of the surroundings, thus the stopping power of a mixture of materials is equal to the sum of volume ratio times the stopping power of the components (Ziegler, 1985; Ziegler et al., 2010) :
Where S represents the stopping power, v the volume fraction and i the different components, which in a Li-ion battery electrode would typically be carbon black, binder, electrolyte and active material. Accurate determination of the stopping power is paramount to achieve an accurate Li concentration profile and depth calibration. Electrons make up most of the matter volume and therefore the electron density dominates the stopping power, especially at high particle energies (Lindhard et al., 1963) . At lower 3 H and He kinetic energies the type of bond of the electrons becomes relevant, where in the case of organic materials a correction factor of up to 20% is necessary to compensate for the decrease in electron energy with respect to the atomic state (Ziegler et al., 2010 ). Only at low particle kinetic energies do the atom cores start to contribute significantly to the stopping power (Wilson et al., 1977) . As a consequence the stopping power is strongly dependent on the particle energy, being large for small kinetic energies and small for large kinetic energies. The consequence is that the depth resolution increases with increasing depth, assuming a constant energy resolution of the detector. This results in more counts per detector energy channel for larger energies and lower counting rates at lower energies, hence the standard error in the measurement is constant over the detector channels (Ziegler et al., 2010; Zhang et al., 2015) . As the amount of detected particles is a function of energy accurate determination of the stopping power is necessary to achieve quantitative results from NDP, in addition to the geometric, background and detector corrections (Lindhard et al., 1963; Wilson et al., 1977; Ziegler, 1985; Maki et al., 1986; Ziegler et al., 2010) . Based on the well-defined kinetic energy of the 3 H and He particles after the capture reaction with 6 Li, see Equation (1), there is a maximum depth from which the 3 H and He particles can exit the sample, which depends on the stopping power of the sample. Due to the larger charge of the (Ziegler et al., 2010; Zhang et al., 2015) 4 He 2+ particle as compared to the 3 H + particle, the stopping power for 4 He 2+ is larger, and consequentially the escape depth for 4 He 2+ is smaller and the depth resolution is larger, making 4 He 2+ suitable for the study of thin layers (Ziegler et al., 2010; Zhang et al., 2015) . For energies smaller than the maximum energy of the 4 He 2+ particle, 2056.12 keV, the measured 3 H and He signals overlap. Based on the ratio of the stopping power of the two particles, the two signals can be unraveled, methods for this can be found in Maki et al. (1986) and . There is thus an intrinsic energy resolution associated with the material and particle through its stopping power, which through the detector resolution results in the depth resolution. For NDP the measurement time and the depth resolution are directly connected (Downing et al., 1993) . Increasing the sample to detector distance, leads to higher resolution but fewer counts. However the relatively low beam intensity as compared to photon techniques is considered to be a common drawback of neutron techniques (Harks et al., 2015; Itkis et al., 2015) . As a result, high resolution set-ups employ multiple detectors to improve counting statistics (Parikh et al., 1990; Mulligan et al., 2012) . Another strategy to increase the count rate is to enrich the 6 Li contents of the materials under investigation (Downing et al., 1987; Oudenhoven et al., 2011) as the natural abundancy of the 6 Li isotope is only 7.5% (Hutchison, 1954) . Hence replacing all 7 Li with 6 Li would increase count rates by a factor of 13.
The typical NDP operating conditions have implications for the operando/in situ battery research. An important implication of the geometrical resolution is that the detector is typically positioned at several centimeteres from the sample. This requires the setup to be operated under vacuum conditions to avoid parasitic energy absorption of the 3 H and He particles by the air (Hutchison, 1954; Downing et al., 1987; Oudenhoven et al., 2011) . The vacuum conditions of the setup is one of the major obstacles for batteries containing liquid electrolytes, (Nagpure et al., 2014; Zhang et al., 2015) as most electrolytes contain solvents with a large vapor pressure, the evaporation of which leads to contact loss between the electrodes and the electrolyte, severely hindering battery performance (Zhang et al., 2015; . To solve this Nagpure et al., have designed an experimental setup employing low density gasses at atmospheric pressures (Nagpure et al., 2014) . Another approach is to work near the electrolyte vapor pressure, typically around 0.1 bar, allowing the particles to reach the detector with an acceptable loss in kinetic energy. Regardless of the operando set-up, a window is required to protect the unstable materials and supply electrons to the active material under study. This window is as thin as possible, reducing kinetic energy losses, while thick enough to withstand any pressure differences. For most cathode materials, aluminum is a straightforward choice (Zhang et al., 2015) , as it is used in industry and provides low density and reasonable strength. For most anodes however, aluminum is not an option, enforcing the use of a metal/kapton combination for strength, conductivity and low density and thus stopping power Wang C. et al., 2017) .
Despite these challenges the technique is welcomed by the battery field, which is readily explained by the limited amount of techniques that are able to quantify both the amount and position of Li. Being a light element, lithium is difficult to detect with X-rays, for which reason most photon techniques typically use the change in oxidation state of the heavier ions to observe lithium intercalation (Nonaka et al., 2006; Katayama et al., 2014) or changes in interatomic spacing upon lithium insertion or extraction (Ganapathy et al., 2014; Zhang et al., 2014) . Neutrons probe atom cores and therefore favor detection of the lighter elements compared to X-rays (Itkis et al., 2015) . Also the penetrative nature of neutrons and selectivity of the technique allows for probing small lithium concentrations in realistic battery pouch and coin cell set-ups without the introduction of noise (Whitney et al., 2009; Zhang et al., 2015; Vasileiadis et al., 2018) . Furthermore the technique provides a unique relation between bulk properties, such as lithium concentration, and local submicron, depth dependent effects such as Ohmic potential drop or electrolyte concentration gradients (Zhang et al., 2015; .
Previous operando NDP work has revealed a wealth of information. Oudenhoven et al. (2011) who were one of the first groups to perform operando NDP on a lithium ion cell, performed in situ lithium metal plating from a LiCoO 2 cathode through a lipon solid electrolyte in a thin film system using the increased depth resolution of the 4 He 2+ spectrum. Moreover by using different isotopes the authors demonstrated that lithium ion exchange between cathode and electrolyte is almost nonexistent in the pristine cell, due lack of lithium vacancies (Oudenhoven et al., 2011) . It is noteworthy that the change in stopping power are marginal for Li-ion insertion hosts, making quantitative analysis straightforward. The first operando study on a liquid electrolyte cell was performed by Liu D. X. et al. (2014) , their cell consisted of a 12.5 micron thick Sn anode. Their data clearly shows the expansion of the anode material, however the changes in the stopping power were not considered by the authors as the associated error in depth would stay within 10%, which was deemed acceptable . In a later study, concerning the intercalation of lithium in LiFePO 4 , these problems where avoided as the changes in stopping power and morphology are negligible (Zhang et al., 2015) . However, as typical for the low Li-density insertion hosts, the time resolution is poor, 10-60 min for operando (dis)charging (Zhang et al., 2015; . Enriching samples with Li-6 provides the opportunity to improve this, however it adds the complication of relaxation and homogenization effects if not all components are enriched (Oudenhoven et al., 2011) . As shown recently,Li-metal plating is a process where full enrichment is achieved relatively easy (Lv et al., 2018) . Furthermore, the intrinsically high lithium densities in these systems allow for a good time resolution, down to 60 s. However, for these systems the challenge is correctly assessing the large changes in morphology for the calculation of the stopping power (Bieker et al., 2015; Liu et al., 2015; Cheng et al., 2017; Lv et al., 2018; Zhang, 2018) . Challenges for Li-metal anodes include excessive growth of the solid electrolyte interface (SEI) and loss of active material, hindering its practical application (Zhang, 2018; Zhang et al., 2018) . NDP is an ideal tool to study these problems but an effective strategy for determining the stopping power in these evolving electrode microstructures is paramount to obtain quantitative results.
At present two challenges are addressed in the operando study of batteries using NDP, aiming to demonstrate the possibilities for operando battery research. Firstly, building up statistics by repeated cycling is demonstrated as approach to improve the time resolution, making it possible to study Li-transport at high cycling rates, most relevant for insertion host electrode materials. Secondly, for electrodes that display large changes in morphology upon cycling, including Liair, Li-S, Li-metal, and alloying anodes, an approach for calculating the stopping power during operando experiments is demonstrated, making quantitative analysis possible Kang et al., 2016; Asadi et al., 2018; Lv et al., 2018) . Finally, the stopping power correction strategy brought forward makes it possible to determine the depth resolved porosity of electrodes, an important property for the charge transport in electrodes that is not straightforward by other techniques. By means of these examples the aim of the present work is to demonstrate the possibilities, measurement, and data analysis strategies relevant to operando NDP for Li-ion battery work.
METHODS
To illustrate the possibilities and stopping power strategies of operando NDP experiments three examples performed at the dedicated NDP beamline of the Reactor institute are reported and discussed. The set-up consists of an aluminum vacuum chamber where a Canberra PIPS detector is used to measure the energy of the emitted 3 H particles, as illustrated in Figure 1 . All results are based on measurements on pouch cells (Gustafsson et al., 1992; Yu et al., 2006; Mohanty et al., 2013; Lv et al., 2018) , also known as coffee bag cells (Singh et al., 2015) , their flexible design allows the straightforward sealing of current collector window (Villevieille, 2015) , as is also described in Zhang et al. (2014) . Also pouch cell type constructions are common practice in industrial applications (Trask et al., 2014) . Moreover reducing the amount of material is advisable as neutron activation can lead to samples emitting hazardous radiation. Pouch cells introduce negligible background by other isotopes as they consist from plastic coated aluminum foil.
The electrodes used are prepared by NMP based slurries cast onto 11 micron aluminum foil, in the first example a 90% Li 4 Ti 5 O 12 (Phostech), 3% SuperP carbon and 7% PVDF binder was used and in the third example, the double layer electrode with a first coating of 60% LiFePO 4 (Phostech) active material, 25% carbon species [of which 10% SuperP and 15% KS4 (Timcal)] and 15% PVDF binder and the second layer containing 80% of active material, 10% SuperP carbon and binder. The second layer was applied when the first was dry. Particle sizes of commercial powders are poorly defined, but XRD refinement showed an domain size of ∼140 nm for both the LiFePO 4 and the Li 4 Ti 5 O 12 . (Singh et al., 2013a,b) In the second example bare 10 micron copper foil was used as current collector and window and 6 Li-enriched Li-metal foil was used as counter electrode. 1M LiPF 6 in EC/DMC (Sigma Aldrich) served as the electrolyte in all examples. By measuring around the electrolyte vapor pressure in the NDP setup, contact loss between the electrodes of the pouch cell, signified by an increase in the overpotential, is avoided. The stopping power increases with decreasing particle energy, as a consequence conversion between energy and depth yields a nonlinear depth axis and a concentration profile that needs to be corrected in a subsequent step. A more direct method is to calculate the energy width (Equation 2.2) at a constant depth step (Equation 2.1) and then assign the corresponding counts (Equation 2.3) resulting in a linear depth axis and preserving the total counts. dx = x n+1 − x n (2.1)
3)
The step size, dx, is chosen, based on statistics and sample thickness. Depending on the stopping power the resolution for 3 H + can be around 50 nm and even better for He 2+ .
However practical considerations such as counting rate and surface roughness generally compromise the resolution. A table containing stopping powers as a function of particle energy is obtained (Wang and Hong, 2007; Zhang et al., 2015; Liu and Co, 2016; using the open software package SRIM (Ziegler et al., 2010) . Electrons associated in a molecular bond are delocalized and have significantly different binding energies. Hence to correct for materials with covalent bonds, such as the electrolyte, a compound correction factor is calculated (Ziegler et al., 2010 ). The resulting table shows the stopping power due to electrons as well as due to atom cores, the contributions are independent and can thus be summed, similar to mixtures. The approach for a two component system is similar to that described by Equations (2.1-2.3), the difference lies in an extra parameter ρ, used to define the ratio between the two components (electrolyte and Li metal for instance for Li-metal anodes);
The extra parameter results in an unsolvable set of equations, which can be resolved when the composition of the individual components is known, where:
Valid under the assumption that the measured concentration is solely due to the two components obtained previously. Similarly the depth dependent porosity can be deduced. As the amount of lithium contained within the electrolyte is considered negligible compared to pristine or discharged insertion hosts, the material quantity in both measurements, i.e., dry and filled with electrolyte is equal. Thus the integrated spectrum intensity is equal, and solely the stopping power is changed, spreading the signal. To find this addition in stopping power the equations must be solved in reverse order, starting from the counts obtained in the first measurement.
Now due to the electrolyte filling the energy difference associated with the same amount of material, or counts, will be larger due to the larger stopping power, as is described by Equation (4.2). This energy difference is divided by the stopping power associated with the electrolyte, resulting in a pore length, or addition to the depth increment, Equation (4.3). The outcome of Equation (4.3) is a modified and non-linear depth axis, where the change in depth step reflects the local density.
RESULTS AND DISCUSSION
The possibilities of operando NDP, including the challenges in achieving good counting statistics and quantitative results through calculating the stopping power will be illustrated through three examples. Firstly, operando NDP of fast cycling Li 4 Ti 5 O 12 electrodes is achieved, where the challenge is the counting statistics and where the limited change in stopping power due to the Li-ion insertion and extraction allows straightforward determination of the Li density as a function of electrode depth. Secondly, operando Li-metal plating is used to demonstrate the stopping power correction strategy necessary to achieve quantitative results for systems where the electrode composition changes strongly. At same time the large Li density results in high count rates and good time resolution during operando experiments. Thirdly, the stopping power calculation can also be used to quantify the change in stopping power of a porous Li-ion battery electrode due to filling with a Li containing electrolyte, providing the opportunity to determine the depth resolved porosity, demonstrated for LiFePO 4 electrodes. One of the major obstacles in the operando study of high rate intercalation materials with NDP is time resolution. First and foremost the number of detectors can be increased or the neutron intensity via focusing optics. If the electrode can be cycled reversibly another approach is to accumulate statistics over several cycles (Meija et al., 2016) . Spinel Li 4 Ti 5 O 12 (LTO) shows almost no strain upon (de)lithiation and its relatively high voltage prevents decomposition of typical Li-ion battery electrolytes (Tang et al., 2009; Odziomek et al., 2017; Wang S. et al., 2017) . These properties ensure excellent rate capabilities, stable cycling and a long cycle life (Singh et al., 2013b) . Previous measurements on another high rate material, LiFePO 4 (Wang and Hong, 2007) , revealed that at high currents, 20C, and larger , ionic conduction in the electrolyte is the limiting factor as indicated by the enormous differences in concentration and local current near the electrolyte compared to the current collector. Similar limitations may be expected to arise in LTO electrodes at comparable C-rates and particle sizes . However the limited time resolution restricts measurement possibilities at high C-rates.
Instead it is proposed to use the stable cycling of LTO and accumulate NDP measurements over several subsequent cycles at 30C, 0.0045 A/cm 2 , and thereby achieve sufficient counting statistics in combination with the required time resolution (30 s in this case). The stable cycling of the LTO electrode in the operando NDP cell is demonstrated in Figure 2A , displaying almost no change in the voltage characteristic during the 20 cycles, even at the reduced pressure condition required for operando NDP operation. Furthermore, denoted by the black squares, the change in state of charge, reflected in terms of occupied sites, as obtained from the NDP spectra measured every 30 s, confirms the consistent behavior, reaching a site occupancy of 4.2-6.5 almost every time. The local, depth dependent, site occupancy or state of charge is found by comparing measurements to the lithium distribution after a low rate (dis)charge when all available active material is either filled, Li x = 7, or emptied, Li x = 4, completely. This allows the direct study of the active particle fraction as background noise due to the electrolyte lithium salt is subtracted. This method was previously described by Zhang et al. (2015) .
Data obtained during these 20 charge-discharge cycles is ordered according to the voltage, where measurements within similar voltage ranges are averaged, reducing the noise, the result of which is shown in Figure 2B . The current collector is located on the left side at zero depth and the interface with the electrolyte at the right, approximately at 15 microns depth. Previous experiments observed large differences in concentration between the current collector and the interface with the electrolyte when LiFePO 4 electrodes were charged with a 20C rate (Zhang et al., 2015; . Close examination of Figure 2B and especially comparing electrolyte side and current collector side, reveals that there are almost no significant differences between these two regions of the electrode. The lithium concentration is in fact homogenously distributed throughout the electrode as opposed to that for LiFePO 4 electrodes (by ex-situ measurements). This signifies the excellent rate performance of LTO electrodes, potentially explained by a better Li-ion transport network available through the particles (Lee et al., 2009; Tanida et al., 2016) or/and transport is facilitated due to a different morphology even though the particle size is comparable (Singh et al., 2013a,b) . The particle size could also govern the kinetics, allowing a homogenous distribution since the larger particles do not have enough surface sites to accommodate larger reaction rates Vasileiadis et al., 2018) . The differences between the rate limiting mechanisms testifies to the extraordinary nature of these high rate insertion materials.
When electrode/electrolyte materials undergo changes during cycling, merging data over multiple cycles is not permitted and alternative strategies to improve the NDP measuring count rate are required. Decreasing the applied current might be the most straightforward strategy, alternatively the 6 Li concentration can be enriched or a neutron beam with a higher flux should be selected. A drawback is that unless all components have the same li-6 concentration, some degree of homogenization (Oudenhoven et al., 2011) will occur during cycling, complicating quantitative data interpretation. In the study of lithium metal plating, this is straightforwardly resolved as there is no lithium containing electrode, reducing one 7 Li reservoir. Electrolyte enrichment is achieved by exposure to an abundance of 6 Li metal (96% pure), before use in the operando NDP cell. For these specific measurements the use of 6 Li allows measurement times as short as 60 s (Lv et al., 2018) . The challenge for these operando experiments is accurate calculation of the stopping power. Stopping powers of pure lithium and electrolyte are obtained straightforwardly using SRIM, shown in Figure 3 . However determining the thickness and the concentration of the plated lithium layer requires knowledge of the ratio between the two components. Our proposed strategy is as follows, by obtaining spectra of both components, the local volume fraction of lithium and electrolyte can be fitted for any third measurement, as is described in Equations (3.1-3.4) found in methods. Obtaining the electrolyte spectra is straightforward as before cycling no lithium is plated and all counts are due to Li containing salts in the electrolyte.
Independently, NDP measurement of 6 Li-metal is performed to provide the second component for the stopping power calculation. As 6 Li metal is a strong thermal neutron absorber the neutron beam intensity drops significantly along the sample thickness, (Figure 1) , furthermore chances of recording a coincidence as a single event increase. The energy recorded will then equal the sum of the energy of the two particles, a detailed explanation of the implications for signal analysis can be found in the Supplementary Information. The decrease in neutron beam intensity will effectively result in a decreased measurement (Figure 1) . This effectively results in a decreased measurement efficiency of the deeper parts of the sample as demonstrated in Figure 4A . The Li density for the uncorrected data, gray triangles, decreases as a function of depth, whereas for the Li metal it should be constant at 4.64 × 10 22 atoms per cm 3 , based on the 6 Li metal density (0.353 g/cm 3 , Lord, 1992) and its molar weight 6.941 g/mol (Meija et al., 2016) . The first iteration, indicated by the black dots, corrects the count rate by the loss in neutron intensity based on the 6 Li cross-section of 940 barns (Kopecky, 1997) . However, these atoms also absorb neutrons, thus a second iteration is necessary. Furthermore a small fraction is 7 Li, hence the theoretical value, as is indicated by the dashed line in the FIGURE 3 | Selected stopping powers. The transition metal insertion hosts have twice as high stopping compared the commonly used EC/DMC electrolyte, which in turn is almost twice as high as metallic lithium. Figure 4A , is obtained after the second iteration, indicated by the black squares, this results in the constant Li density, accounting for both 6 Li and 7 Li.
The concentration increase at the interface with the Cu current collector should resemble a step function however as shown in Figure 4A , smooth increase is observed. Firstly, this is the consequence of the larger stopping power of the copper current collector/window, which pushes the signal to lower energies. Secondly, the lower stopping power of the lithium metal spreads the measurement inaccuracies across multiple microns.
In Figure 4B the ratio between Li-metal and electrolyte is shown at two moments during an operando Li-metal plating experiment. Firstly after a plating current of 1 mA/cm 2 for 1 h, at this maximum capacity, only 30% of the volume is filled by Limetal. From this data, averaged over approximately 1 cm 2 it is impossible to conclude if the Li-metal is plated as dense pillars or a porous network. SEM images, performed ex-situ on layers that were plated in the same electrolyte on bare copper, e.g., shown in Bieker et al. (2015) and Zhang et al. (2018) , confirm that the electrochemically deposited Li-metal is highly porous. This porous layer will, to some extent, contain a solid electrolyte interphase, which is not taken into account in the stopping power analysis. The overall capacity as measured by NDP coincides with that applied electrochemically, indicating that no extra electrons are consumed by direct electrolysis of the electrolyte for instance. However it is difficult from NDP to obtain what fraction of Li is chemically decomposed. The lithium distribution after charge can be divided by the concentration after plating, as is shown in Figure 4C , providing an indication of the local charging efficiency and thus the ratio between lithium metal plated and inactive Li-metal/SEI layer formed. In the first few microns, on the left side near the current collector, there is a small plateau after which the ratio increases with increasing depth, indicating an increase of inactive material toward the electrolyte/separator on the right side. This indicates that plating results in dendrite like growing structures, whereas stripping induces thinning of these structures, resulting in the observed inactive layer covering the copper current collector. Although inactive Li in the SEI/Li metal morphology is not taken into account at present, the distribution and growth can be measured after each charge. These possibilities indicate that operando NDP can be used to providing vital experimental data on the distribution and growth at intermediate states of inactive Li (SEI and dead Li-metal) upon cycling of Li metal anodes.
In the lithium plating example discussed above, the stopping power of two known components was used in order to find the local ratio between the two during the operando NDP measurement. The same approach can be used to quantify the change in stopping power of a known porous Li-ion battery electrode due to filling with a Li containing electrolyte, providing the opportunity to determine the depth resolved porosity. In Figure 5A two 3 H count rates vs. particle kinetic energy loss are shown, one representing the dry electrode, in blue, and, in red, the same electrode impregnated by the electrolyte. The difference in NDP signal is due to the change in stopping power caused by the electrolyte filling the porous electrode. The data is corrected for the Al current collector, making direct comparison of the FIGURE 4 | (A) NDP spectra for lithium-6 metal foil, gray triangles indicate original, this data was corrected for reduced neutron intensity, dark gray dots, and finally for reduced neutron intensity and the small, unreactive 7 li fraction, black squares. (B) Lithium concentration after plating (blue) and stripping (red) at 1 mAh/cm 2 for 1 h. The unit of vertical axis, fractional lithium density is defined as the observed Li-density devided by the Li-density of Li-metal. (C) Fraction of inactive Li, with respect to plated Li-metal with 1 mAh/cm 2 for 1 h on copper.
FIGURE 5 | (A) 3 H count rate vs. particle kinetic energy loss, the raw NDP data, of a double layer LiFePO 4 electrode, measured without electrolyte (blue) and measured with electrolyte (red). (B) Schematic representation of the influence of the change in stopping power due to filling of the electrode pores with electrolyte. The tetragonal shapes indicate lithium containing active material, the arrows indicate particle kinetic energy, indicating that as the electrolyte fills the pores particles from crystallite II will lose more energy than without, allow discrimination between crystallite I & II. (C). Local porosity distribution as a function of depth. The sudden change in the middle reflects the transition into the second layer.
energy loss with and without the presence of the electrolyte possible. The electrode is built up by two layers of coating, the first layer on the Al current collector contains 60% of active material, 25% carbon species, 15% PVDF binder, and the second layer on top of that contains 80% of active material, 10% carbon, and binder. The two layers can be distinguished by NDP based on the difference in Li density, reflected in the step in 3 H count rate, especially when the electrode pores are filled with the electrolyte.
The electrolyte fills the pores in the electrode that would otherwise not contribute to the stopping power as schematically indicated in Figure 5B . Hence the stopping power is increased and the signal is spread across a larger number of energy channels, as is described in Equations (4.1-4.4). The total amount of lithium is only increased marginally (∼5%) by adding the electrolyte (Zhang et al., 2015) . Indeed the total amount of 3 H counts is equal and the increase in stopping power by adding the electrolyte results in a larger distribution in energy loss detected. This is a direct measure of the amount and distribution of the electrolyte through the electrode, from which the depth resolved pore filling fraction can be determined.
The result, shown in Figure 5C , indicates that the porosity is much higher in the first layer. This demonstrates that an increased carbon content also increases the porosity due to the large carbon black porosity. This readily provides an additional explanation why high carbon content electrodes exhibit high rate capabilities (Kang and Ceder, 2009; Liu H. et al., 2014) . Also the porosity is relatively large at the vicinity of the interface between the two layers. This is probably a consequence of the double layer casting, where one layer is dried before the next is casted, resulting in more void space at the interface. For the second layer, having a closer to standard formulation of active material, carbon and binder, an average porosity of 0.36 is found, which is in good agreement with literature values (Singh et al., 2013a,b; . Furthermore with this approach we measure the relevant porosity for the use as electrode porosity, the porosity that can be accessed by the electrolyte in question, which is different compared to what is measure by BET for instance (Klinkenberg, 1941) . Electrode porosity is a crucial electrode parameter as it strongly influences battery performance (Fongy et al., 2010a,b; Strobridge et al., 2015; Just, 2016; Liu et al., 2017) . Generally, a larger porosity favors Li-ion transport allowing larger (dis)charge (Singh et al., 2013b; Just, 2016) at the expense of the volumetric density Singh et al., 2016) and electrical conductivity of the electrode (Wang and Hong, 2007; Fongy et al., 2010a) . The optimum seems to be reached by a certain porosity gradient (Du et al., 2017; Liu et al., 2017) . For measuring the porosity numerous methods are available, both bulk methods (DuBeshter et al., 2014; Li et al., 2014) as well as methods with a submicron resolution, such as tomography (Ge et al., 2014; Harks et al., 2015) and FIB-SEM (Hutzenlaub et al., 2014; . The advantage of using NDP is the combination of both length scales, as this measurement represents an average over 1.1 cm 2 electrode, the bulk average porosity is determined with a sub-micron resolution along an axis of interest. Moreover the measurement is performed in a non-destructive manner, allowing direct continuation of battery cycling, where the (de)lithiation as a function of depth and local porosity can now be studied.
CONCLUSION
Direct observation of Li concentration vs. electrode depth in working Li-ion batteries is possible with NDP through the capture reaction of the thermal neutrons by the 6 Li isotope. Although the large attenuation length of neutrons in most materials allows diverse sample environments, the relatively low neutron intensity requires smart experimental design. The translation toward quantitative results requires detailed consideration of the stopping power of the battery electrodes 6 Li enrichment is an effective solution but not always practical to achieve. Here we demonstrate that accumulation of NDP data over repeated battery cycling enables operando investigations of intercalation materials at a rate of 30C, avoiding complexity of 6 Li homogenization that comes along with enrichment and allowing for the use of commercially produced powders.
The charged particles formed in the neutron capture reaction during NDP measurements allow straightforward detection of Li, where their energy loss is a direct measure for the point of origin and hence for the depth. Their kinetic energy limits the escape depth and therefore the depth of view, which demands smart design of the battery window and current collector, in particular in the low pressure NDP environment. Accurate determination of the stopping power of the battery electrode, which may change upon cycling, is vital to achieve the quantitative Li density as a function of depth. In particular for the cases that electrochemical cycling leads to large changes in the composition, a stopping power calculation strategy is developed to result in quantitative results. This is demonstrated lithium metal plating, where operando NDP is able to provide insight in the growth and development of the evolution of inactive Li. Furthermore it is demonstrated that the change in NDP signal due to filling of the porous electrode by the electrolyte can be used to determine the depth resolved filling fraction or porosity. This is in particular important for battery electrodes where porosity has a direct influence on the energy density and charge transport, hence determining the rate capability of battery electrodes.
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